The hydrolysis of urea by ureases of oral bacteria in dental plaque can cause a considerable increase in plaque pH, which can inhibit the development of dental caries. There is also indirect evidence that urea metabolism may promote the formation of calculus and that ammonia release from urea could exacerbate periodontal diseases. Actinomyces naeslundii, an early colonizer of the oral cavity and a numerically significant plaque constituent, demonstrates comparatively low levels of urease activity on isolation, so this organism has not been considered a major contributor to total oral urease activity. In this study it was observed that urease activity and urease-specific mRNA levels in A. naeslundii WVU45 can increase up to 50-fold during growth under nitrogen-limiting conditions. Using primer extension analysis, a putative, proximal, nitrogen-regulated promoter of the A. naeslundii urease gene cluster was identified. The functionality and nitrogen responsiveness of this promoter were confirmed using reporter gene fusions and 5 deletion analysis. The data indicated that regulation of urease expression by nitrogen availability in A. naeslundii may require a positive transcriptional activator. Plaque bacteria may experience nitrogen limitation when carbohydrates are present in excess. Therefore, based on the results of this study and in contrast to previous beliefs, strains of A. naeslundii may have the potential to be significant contributors to total plaque ureolysis, particularly during periods when there is an increased risk for caries development.
Urease is a multisubunit enzyme that catalyzes the hydrolysis of urea to ammonia and carbonic acid, causing a net increase in the environmental pH. The three structural subunits of urease, ␣, ␤, and ␥, are encoded by the ureC, ureB, and ureA genes, respectively (30) . Four additional proteins, encoded by ureD, -E, -F, and -G, catalyze the incorporation of Ni 2ϩ into the active site of urease, a process that is required for the production of a catalytically active urease (30) . In bacteria, the enzyme subunit and accessory genes are usually arranged in operons. Some bacterial urease clusters contain additional genes, such as ureR, which is involved in the regulation of urease expression in members of the family Enterobacteriaceae (15, 32) ; ureHI, which are believed to encode a nickel transporter in a thermophilic Bacillus sp. (25) ; and ureI of Helicobacter pylori and Streptococcus salivarius, which may be involved in urea transport at low environmental pH (46) .
In prokaryotes, ureolysis can provide a source of assimilable nitrogen (13) , it can protect the organisms against lethal acidification (41) , and in some bacteria, it can support ATP synthesis driven by the gradients established by ammonia generation (43) . Accordingly, urease expression in bacteria is often regulated in response to environmental parameters such as nitrogen availability and pH (30) . Control of urease expression by nitrogen availability occurs primarily at the level of transcription and can involve the action of either positive (NAC) (11) or negative (G1nR) regulatory molecules (50) . The lowpH-dependent expression of urease in S. salivarius is negatively regulated, but the responsible trans-acting factor(s) has not yet been identified (7) .
Bacterial ureases are implicated in the pathogenesis of a number of human clinical conditions, including gastritis and peptic ulcer formation, pyelonephritis, and urolithiasis (29) . In the oral cavity, ammonia produced via the enzymatic hydrolysis of salivary urea appears to an important factor in inhibition of the development of dental caries (24) . There is some suggestive evidence that ureolyis may be a factor in promoting calculus formation (17) and may contribute to periodontal disease progression by enhancing inflammatory processes and impairing key host cell functions (19) . However, a role for urea breakdown in calculus formation or periodontal disease has not been conclusively demonstrated. In spite of the presumed importance of ureolysis in oral health and disease, the organisms that are responsible for the bulk of urea hydrolysis in natural human dental plaque have not been unequivocally established, and molecular aspects of oral ureolysis have only recently begun to be established (8) .
Strains of Actinomyces naeslundii genospecies 1 are predominant members of supragingival and subgingival dental plaque (4, 45) , and they routinely demonstrate low levels of urease activity on isolation (36, 47) . The urease gene cluster of A. naeslundii WVU45 (ATCC 12104) comprises seven contiguously arranged open reading frames (ORFs), which demonstrate significant nucleotide and deduced amino acid sequence homologies to the ureA-G genes from other bacteria (31) . A putative proximal promoter for the A. naeslundii urease gene cluster was identified by primer extension at 66 bp 5Ј to ureA (31) . The nucleotide sequence of this promoter region does not conform to established standards for bacterial promoters, supporting the notion that Actinomyces species may possess distinct types of promoter sequences, perhaps due to their unusually high (68%) GϩC DNA content (52) .
Comparison of the physiologic properties of the wild-type organism with those of an otherwise isogenic, urease-deficient A. naeslundii strain has demonstrated that a primary function of urease in this organism can be to provide ammonia, which is efficiently utilized as a nitrogen source (31) . This knowledge led to the hypothesis that urease expression in A. naeslundii may be induced under conditions of limited nitrogen availability. This hypothesis was directly tested in this study by com-paring the levels of urease activity and urease-specific mRNA present in A. naeslundii cells growing under nitrogen-limiting conditions to those in cells growing in the presence of a variety of nitrogen sources. Once the validity of the hypothesis was established, the nitrogen-regulated promoter of the urease genes was identified and partially characterized. The significance of regulation of urease expression by nitrogen availability in A. naeslundii is discussed in the context of the oral environment and of oral health. 7 .0) and incubated at 37°C in a reaction mixture containing 50 mM potassium phosphate buffer (pH 6.0) and 50 mM urea. The amount of ammonia released was quantitated with the Sigma ammonia color reagent using ammonium sulfate as the standard. Urease specific activity was expressed as nanomoles of ammonia produced per minute per milligram of cell dry weight.
Analysis of cat gene fusion strains. Cells from an early-exponential-phase (optical density at 600 nm [OD 600 ] Х 0.2 to 0.3) culture were washed with 10 mM Tris-HCl (pH 7.8) and resuspended in 0.5 ml of the same buffer on ice. The concentrated cell suspensions were mixed with an equal volume of glass beads (0.1-mm diameter) and subjected to mechanical disruption by homogenization in a Bead Beater for two 30-s pulses at 4°C, with a 2-min incubation on ice between the pulses. The CAT specific activity of the cell-free extracts was determined using the spectrophotometric method of Shaw (40) . One unit of CAT activity was defined as the amount of enzyme required to acetylate 1 nanomole of chloramphenicol per minute. Total protein content of the cell lysates was measured using the Bio-Rad protein assay (Bio-Rad, Hercules, Calif.) with BSA as the standard.
RESULTS
Identification of possible nitrogen sources for A. naeslundii WVU45. We have previously demonstrated that buffered ADM supplemented with ammonia, urea, or an amino acid mixture (casamino acids) could comparably support the growth of A. naeslundii WVU45 cells (31) . In order to identify additional nitrogen sources for this organism, A. naeslundii WVU45 cells were cultured in ADM containing 0.05% casamino acids (ADM/4) and supplemented with amino acids that have been shown to be preferred nitrogen sources for microorganisms ( Table 1 ). The medium was buffered to neutrality by the addition of 35 mM potassium phosphate (pH 7.5). As shown in Table 1 , cultures supplemented with glutamine or asparagine achieved final turbidities comparable to those of cultures that were supplemented with ammonia, urea, or casamino acids, indicating that glutamine and asparagine can be utilized by A. naeslundii as nitrogen sources. ADM supplemented with arginine or histidine appeared to support the growth of A. naeslundii but only to a small extent, while aspartic and glutamic acids and lysine were not utilized as nitrogen sources by this organism ( Table 1) .
Effects of nitrogen availability on urease levels in A. naeslundii. A. naeslundii WVU45 was grown in ADM containing 0.025% casamino acids (ADM/8) in the presence or absence of additional nitrogen sources ( Table 2 ). The concentration of glucose was 0.5% so cells would not become limited for carbohydrate. Exponentially growing cultures (OD 600 Х 0.2 to 0.3 for cultures without a supplementary nitrogen source and OD 600 Х 0.2 to 0.4 for nitrogen-supplemented cultures) were harvested and assayed for urease activity as described in Materials and Methods. Although buffers were not included in the a Cells were grown in ADM/4 supplemented with the indicated concentrations of amino acids, ammonium chloride, or urea to stationary phase as detailed in Materials and Methods. The pH of the culture fluid was measured when the cells were harvested.
culture medium, the pH of all cultures at this specific growth stage did not differ significantly and was greater than 6.0 in all cases. As shown in Table 2 , urease activity of A. naeslundii cells grown in the presence of any added nitrogen source was lower than the activity of cells grown under nitrogen-limiting conditions. Repression of urease appeared to be more significant in the presence of casamino acids or tryptone. However, tryptone was able to repress urease activity almost completely, i.e., to the levels usually observed in rich medium (0.5 to 1.5 nmol/ min/mg dry cell weight), such as BHI or tryptone (3%)-yeast extract (0.5%) medium. The data demonstrated that urease activity in A. naeslundii is regulated in response to the availability of readily utilized nitrogen sources.
Regulation of urease activity by nitrogen availability in A. naeslundii occurs at the level of transcription. Total RNA was isolated from A. naeslundii cells grown in ADM/8, ADM/8 supplemented with 2% tryptone, and ADM/8 supplemented with 2% casamino acids. All cultures were harvested during exponential growth (OD 600 Х 0.25) and had comparable pH values (6.2 to 6.6). Serial dilutions of RNA were subjected to slot blot analysis using a probe composed of portions of ureA and ureC and the entire ureB gene. As demonstrated in Fig. 1 , significantly less ure mRNA was present in cells grown in the presence of either casamino acids or tryptone compared to cells grown under nitrogen-limiting conditions (unsupplemented ADM/8). In accordance with the observed urease activity levels (Table 2) , the lowest amounts of ure-specific RNAs were present in cells grown in tryptone. These data demonstrated that regulation of urease expression by nitrogen availability in A. naeslundii occurs in large part at the level of transcription.
Identification of a nitrogen-regulated promoter of the urease gene cluster of A. naeslundii. A transcription initiation site for the urease gene cluster located 66 bases 5Ј to ureA was previously mapped by primer extension, using RNA from cells growing in BHI medium (31) . In order to determine whether this putative promoter was nitrogen regulated or if alternative transcription initiation sites were utilized under nitrogen-limiting conditions, primer extension analysis was performed using RNA from cells grown in either plain ADM/8 or ADM/8 supplemented with tryptone or casamino acids, as described above. A single transcription initiation site was observed in all three reactions, corresponding to the same cytosine residue 66 bp 5Ј to ureA that was identified previously in cells grown in BHI (Fig. 2) . The primer extension products shown in Fig. 2 were generated from equal amounts of total RNA and radiolabeled primer PE1 under identical reaction conditions. However, significantly lower amounts of the product were present in cells grown under conditions of nitrogen excess compared to those grown under nitrogen-limiting conditions. The relative amounts of mRNA under each condition correlated well with the data obtained from urease activity assays and RNA slot blot analysis.
Functional characterization of the nitrogen-regulated promoter of the A. naeslundii urease gene cluster. To demonstrate the functionality and nitrogen responsiveness of this promoter region, transcriptional fusions to a promoterless cat gene were constructed on plasmid pJRD215, a low-copy-number, broadhost-range plasmid (14) known to replicate in Actinomyces spp. (53) . The constructs were introduced into A. naeslundii WVU45, and the levels of CAT activity expressed in the transformed strains under conditions of nitrogen limitation and nitrogen excess were measured. To generate the reporter gene constructs, a 297-bp region extending from Ϫ232 to ϩ65 bases relative to the transcripition initiation site (up to the start codon for ureA) was amplified by PCR as described in Materials and Methods. Two deletions of this region were also amplified by the same method: one extending from ureA (ϩ65) to Ϫ150, (215 bp) and one from ureA (ϩ65) to Ϫ70 (135 bp). Each of the amplified fragments included the putative ribosome-binding site for ureA and contained a BamHI restriction site on the 5Ј end and a BglII site on the 3Ј end. The fragments were cloned in the appropriate orientation into the BamHI site of pCW24 (8) , which carries a cat gene lacking a promoter and ribosome-binding site. Subsequently, BamHI-HindIII fragments containing the urease promoter-cat fusions were cloned into the corresponding sites of pJRD215, and the resulting recombinant plasmids were introduced into A. naeslundii WVU45 as described in Materials and Methods. Transformants were selected on BHI agar containing Km (50 g/ml) and Str (50 g/ml). Plasmid DNA was reisolated from the transformants, and restriction mapping confirmed that the fusions were intact. A. naeslundii WVU45 cells containing the recombinant plasmids were grown in ADM/8 or ADM/8 supplemented with 2% tryptone in the presence of Km (50 g/ml). Cell-free extracts were prepared from exponentially growing cultures (OD 600 ϭ 0.2 to 0.3) and assayed for CAT activity as described in Materials and Methods. As shown in Fig. 3 , the largest construct, pAN220CAT-11, which extends 232 bp 5Ј from the transcriptional start site, expressed CAT activity under nitrogen-limiting conditions (ADM/8). However, CAT activity was reduced 4-to 10-fold in cells growing in the presence of tryptone. The two smallest constructs (pAN150CAT-8 and pAN70CAT-1), which extend to Ϫ150 and Ϫ70 from the transcriptional start site, respectively, expressed very low (pAN150CAT-8) or no (pAN70CAT-1) CAT activity under any conditions. These results confirm that the nitrogen-regulated promoter of the A. naeslundii urease is located in this region and that expression of urease from this particular promoter under nitrogen-limiting conditions may require the action of a positive regulatory protein.
DISCUSSION
Natural dental plaque demonstrates significant ureolytic activity (42) , but the organisms that are primarily responsible for this activity and the extent to which particular species contribute to total plaque ureolysis have not been established. Strains of A. naeslundii genospecies 1 routinely demonstrate low levels of urease activity when assayed in vitro, and for that reason these organisms have not been considered major contributors to total plaque ureolysis. However, A. naeslundii is generally considered a fastidious organism, and it is routinely cultivated in rich medium. Urease expression is highly repressed under such conditions, as demonstrated in this study. Notably, A. naeslundii is one of the first organisms to colonize the oral cavity (16) , and it constitutes a major proportion of supragingival and subgingival dental plaque (4, 45) . Given its abundance in plaque and the demonstration that relatively high levels of urease can be expressed by this organism under particular environmental conditions, the contribution of A. naeslundii to total plaque ureolysis may have been substantially underestimated.
Most of the available evidence suggests that carbohydrates rather than nitrogen sources are the limiting nutrient for bacteria in dental plaque, although some controversy exists around this subject (12, 21, 44) . However, during periods of dietary intake of carbohydrate, oral bacteria may experience nitrogen limitation. Those periods are also characterized by increased acid production from glycolysis and, thus, increased cariogenic activity. Induction of urease expression by A. naeslundii during conditions of limited nitrogen availability may be a mechanism that ensures the availability of adequate levels of urease to protect the cell from acidification and allow the bacteria to scavenge additional nitrogen sources (31) . At the same time, the alkalinization of dental plaque by ureolysis would inhibit demineralization of dental enamel, which occurs in acidic environments. Therefore, the potential for increased production of urease by A. naeslundii during periods of carbohydrate excess could deter the development of dental caries.
The observation that A. naeslundii is able to use asparagine as a nitrogen source was not surprising. A number of investigators have reported that Actinomyces viscosus, which has since been reclassified as A. naeslundii genospecies 2, consumed all of the available asparagine when growing in a defined medium in continuous culture under glucose limitation (20, 35, 44) . Since asparagine can be converted to succinate by A. viscosus (5), it had been hypothesized that asparagine was utilized by A. viscosus for energy generation. Since the nitrogen source in these previous experiments consisted exclusively of individual amino acids, asparagine was probably used as the preferred nitrogen source and was therefore consumed first. In this study, asparagine could be utilized by A. naeslundii as a nitrogen source, consistent with previous findings. Previous work also indicated that A. viscosus probably could not utilize glutamine as a nitrogen source, at least not nearly as effectively as it uses asparagine (20) . In contrast, the two amino acids appear to be good nitrogen sources for A. naeslundii and were used as efficiently as ammonia or urea. Assimilation of nitrogen from glutamine may represent another important biochemical difference between A. naeslundii genospecies 1 and 2. Tryptone and casamino acids are both rich nitrogen sources, and both are excellent for supporting the growth of A. naeslundii. However, tryptone repressed urease expression more efficiently than did casamino acids. The explanation for this observation probably lies in the fact that tryptone consists mainly of small peptides, whereas casamino acids is a mixture of individual amino acids resulting from acid hydrolysis of caseins. It is likely that A. naeslundii possesses oligopeptide transport systems analogous to the ABC-type transporters identified in a number of organisms (22, 23) and therefore is able to transport peptides more efficiently than individual amino acids. More rapid uptake and hydrolysis of peptides than of amino acids would not necessarily affect the final growth yield in each medium, but it could result in greater intracellular amino acid pools being available in the tryptone-grown cells, leading to tighter repression of urease in cells growing on tryptone compared to those growing on casamino acids.
The demonstration that urease expression in A. naeslundii is controlled primarily by nitrogen availability does not preclude the possibility that additional factors may also play a role. For example, we have some preliminary evidence from batchgrown cells that growth rate or growth stage may affect urease expression in A. naeslundii. Upregulation of urease expression at high growth rates has also been observed in S. salivarius (7) . The effects of growth rate and possibly pH on urease expression by A. naeslundii should ideally be studied in a continuousculture system. Although we have made numerous attempts, A. naeslundii forms tenacious biofilms on the chemostat surfaces, so establishing reliable, homogeneous, steady-state cultures has not been possible. Other investigators (20) have reported similar difficulties, and at least in our experience, this problem cannot be overcome by the use of different types of growth media. Additionally, although our data indicate that regulation of urease expression by nitrogen availability in A. naeslundii occurs to a great extent at the level of transcription, we cannot exclude the possibility that additional factors, such as posttranscriptional or posttranslational modifications, may also be involved.
As was mentioned in the introduction, regulation of urease gene expression by nitrogen availability in gram-negative organisms is mediated through the ntr regulatory cascade and requires activation by NAC, which acts at a region immediately upstream to the Ϫ10 concensus sequence of 70 promoters (11) . The nitrogen-regulated urease promoter of A. naeslundii contains two sequences with significant homology to the Ϫ10 and Ϫ35 consensus binding sites for RNA polymerase associated with the vegetative sigma factors 70 and A . However, it is highly improbable that these sequences function as recognition sites for A. naeslundii RNA polymerase due to their inappropriate spacing in relation to the transcription initiation site. In addition, the region immediately upstream of the TATAA sequence does not contain a consensus binding site for NAC (ATAN 9 TAT) (26) . The actual Ϫ10 sequence of the A. naeslundii urease promoter is similar to the Ϫ12 consensus binding site for RNA polymerase associated with 54 , which is frequently involved in the transcription of nitrogen-regulated genes (27) , but no homology is present to this class of promoters in the respective Ϫ24 region. Activation of transcription from nitrogen-regulated promoters by RNA polymerase associated with 54 requires activation by the phosphorylated form of NtrC. No sequences with similarity to the NtrC consensus binding sequence (GCACN 5 TGGTGC) (34, 38) appear to be present in the A. naeslundii urease promoter region. Overall, it does not seem likely that regulation of the expression of the A. naeslundii urease by nitrogen availability involves a mechanism analogous to the ntr/NAC regulatory system, since, with the exception of an NtrC homologue in Bacillus subtilis (6, 18) , we know of no other evidence of a classical Ntr pathway or of an alternative global regulatory system in gram-positive bacteria (28) . In B. subtilis, urease transcription is activated by TnrA and repressed by GlnR in response to low and high nitrogen availability, respectively (50) . GlnR also regulates transcription of the glnA gene, encoding glutamine synthetase, in response to nitrogen availability in B. subtilis (39) and in Streptomyces coelicolor (48, 49) , which is more closely related to A. naeslundii. The putative nitrogen-regulated promoter of the A. naeslundii urease, however, does not contain sequences with significant homology to the consensus binding sequence of GlnR/TnrA (TGTNAN 7 TNACA) (51).
To our knowledge, this is the first study to utilize reporter genes in A. naeslundii, although we subsequently were able to use cat to study fructosyltransferase gene expression (2) . The levels of CAT expression in A. naeslundii observed in this study were relatively low but repeatable and consistent with mRNA and urease activity levels under each set of conditions. Low levels of CAT expression may be attributable to codon utilization differences between A. naeslundii, which has a very high (68%) GϩC DNA content, and the cat gene (45%; GenBank accession no. J01841). Since no recA-deficient A. naeslundii strain is available, transient integration of the plasmid carrying the gene fusions into the chromosome of A. naeslundii WVU45 could also potentially occur, resulting in alterations in the plasmid copy number and juxtaposition of deleted upstream regions. However, plasmid DNA could be consistently recovered from the recombinant strains, and complete loss of CAT activity was observed in the deletion derivatives, arguing that the potential transient interaction of the homologous DNA in the gene fusion constructs with the chromosome had no detectable impact on the outcome of the experiments.
The results of this study provide evidence that a functional promoter is included in the 150-bp region upstream of the transcription initiation site that was mapped by primer extension (31) . In addition, this region appears to contain the cis elements involved in the regulation of this promoter by nitrogen availability. The fact that the smallest construct, which extends only to Ϫ70 from the transcription initiation site, expressed no CAT activity under any conditions suggests that expression from this promoter requires the action of a positive regulatory protein(s). The DNA-binding site for this molecule, according to these data, should then be located between Ϫ70 and Ϫ150. The involvement of a transcriptional activator in the expression of the A. naeslundii urease in response to nitrogen availability is in accord with the previously described examples of other nitrogen-regulated urease promoters (10) . However, these data do not preclude the possibility that more than one transcription factor regulates the expression of the A. naeslundii urease.
This study has provided novel information about the regulation of a key enzymatic activity of an abundant oral microorganism. A. naeslundii is considered to play major roles in the homeostasis of sub-and supragingival oral biofilms, and ureolysis appears to be a major metabolic activity controlling biofilm stability and influencing oral health status. This work contributes to a small but growing body of knowledge about the molecular biology of Actinomyces, and it has established methodology for more detailed studies on gene regulation and nitrogen metabolism in these organisms. In addition, the finding that A. naeslundii may have a greater capacity to produce urease, and thus contribute to the pH-moderating activity of oral biofilms, suggests the potential for a greater involvement of A. naeslundii in prevention of caries.
